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ABSTRACT
Flowers, and the fruits and seeds they produce, are of great agricultural and
economic importance. Understanding the molecular mechanisms that mediate the
identity, size and arrangement of floral organs within the flower may allow us to tune
these elements for increased crop productivity. I examine several potential regulatory
targets of the Arabidopsis AINTEGUMENTA-LIKE6 (AIL6) transcription factor that is
involved in these processes and I identify protein-protein interactions that may mediate
its activity in flowers. As described by the ABCE model, unique floral organ identities
are specified in each whorl of the flower by different combinations of homeotic gene
activities. Two members of the AINTEGUMENTA-LIKE/PLETHORA (AIL/PLT)
transcription factor family, AINTEGUMENTA (ANT) and AIL6, also contribute to floral
organ identity in whorls two, three and four. The experiments described here investigate
the possible role of AIL6 in regulation of homeotic gene expression. Furthermore, I
investigate whether AIL6 can interact with itself and/or other members of the AIL/PLT
transcription factor family. I show that AIL6 binds to regulatory regions of the class B
and C genes. While activation of an inducible AIL6 transcription factor in ant ail6
flowers partially restores petal, stamen and carpel identity, no immediate effect on
expression of the homeotic genes was observed suggesting that their regulation by AIL6
may be indirect. I also find that AIL6 is able to interact with itself and with ANT when
transiently expressed in Nicotiana benthamiana leaves. Furthermore, I find evidence that
ANT interacts with itself in Arabidopsis flowers. Thus, dimerization may influence the
v

DNA binding activity or specificity of these transcription factors. Flower fertility is
critical in agriculture and this family of transcription factors are key regulators of floral
organ development. Improving our understanding of the molecular means by which these
transcription factors regulate flower development may lead to important advances in crop
production or floriculture.
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CHAPTER 1
INTRODUCTION
Arabidopsis thaliana is a model plant species commonly used for scientific
research. Arabidopsis is a member of the economically important Brassicaceae family
and is uniquely suited for the study of flowering plants because of its short life cycle,
small size and trim genome (Figure 1.1). The plant is easily transformed, and genetic
variants are distributed through a global network of stock centers and research
institutions. Unlike animals, plants are immobile, and initiate new above and below
ground organs throughout their lifespan to access new resources. These new organs
originate from regions of cells at the apical and basal tips of the plant called meristems.
The shoot apical meristem (SAM) provides cells for the initiation of post embryonic
above ground organs like stems, leaves and flowers and maintains a pool of
undifferentiated stem cells for future growth.
Flower primordia initiate from the SAM and give rise to four different types of
floral organs: sepals, petals stamens and carpels. Not much is known about the
mechanisms that control the positioning of these organs within the flower or how these
floral organs grow to a characteristic size. Two members of the Arabidopsis
AINTEGUMENTA-LIKE/PLETHORA (AIL/PLT) transcription factor family,
AINTEGUMENTA (ANT) and AINTEGUMENTA-LIKE6 (AIL6), are important in
specifying the organ identities of petals, stamens and carpels. In addition, these
transcription factors also contribute to the proper size and positioning of organs within
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the flower. The aim of this project was to investigate the regulatory targets of AIL6 and
to identify potential protein-protein interactions that may govern AIL/PLT activity in
flowers. This research will aid our understanding of the pathways that control the
initiation and development of floral organs. This understanding may allow us to tune
flower development for increased agricultural productivity.
The domed structure of the SAM is spatially delineated into layers and zones
(Figure 1.2). Two single-celled layers, L1 and L2, form the outermost strata and divide
anticlinally at the meristem surface. L3 lies beneath the two surface layers and consists of
cells dividing in all orientations. The SAM is composed of three visually and functionally
distinct zones. In the middle of the meristem, the central zone maintains a region of
pluripotent stem cells. The central zone is surrounded by the peripheral zone which
contains cells undergoing a more rapid rate of proliferation. New organ primordia are
initiated from the peripheral zone on the flanks of the meristem. These primordia are the
progenitors of lateral organs. Beneath the central and peripheral zones is the rib zone,
which gives rise to stem tissue. At the base of the central zone, a region called the
organizing center helps to preserve homeostasis between cell division and cell
differentiation in the SAM by maintaining stem cell identity in overlying cells.
The homeodomain transcription factor WUSCHEL (WUS) plays a key role in
controlling the proliferation of stem cells in the central zone (Mayer et al., 1998). wus
mutant plants display a loss of stem cell identity in the SAM resulting in flat, terminated
meristems that give rise to a limited number of organ primordia (Laux et al., 1996). WUS
is expressed in the organizing center and encodes a mobile transcription factor that moves
into overlying stem cells in the central zone where it promotes expression of the secreted
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signaling peptide CLAVATA3 (CLV3) (Schoof et al., 2000; Yadav et al., 2011). CLV3
moves into underlying cells where it binds and activates CLAVATA1 (CLV1) and other
receptor kinase complexes (Ogawa et al., 2008). Activation of CLV1 in these underlying
cells leads to an inhibition of WUS expression. Loss of CLV1 or CLV3 function leads to
ectopic WUS expression marked by an accumulation of undifferentiated cells in the
central zone (Clark, Running and Meyerowitz, 1993; Schoof et al., 2000). This spatial
feedback loop between the organizing center and overlying stem cells acts to stabilize
cell numbers in the meristem (Brand et al., 2000). Other regulatory genes such as
SHOOT MERISTEMLESS (STM) act independently of the WUS-CLV pathway to prevent
stem cells from adopting organ primordia fates (Endrizzi et al., 1996). These factors work
in concert to maintain a stable number of cells in the meristem.
Conversion of the vegetative meristem, which produces leaves, into an
inflorescence meristem (IM), which produces flowers, is critical for plant reproductive
success. External conditions such as photoperiod and temperature along with internal
signals like hormone levels and autonomous cues all influence the timing of inflorescence
formation. Arabidopsis has an indeterminate inflorescence in which the primary
inflorescence first makes two or three cauline leaves and associated secondary/axillary
inflorescences (Figure 1.1). After this, the primary and secondary inflorescences initiate
the production of flowers. The typical Arabidopsis flower has four sepals, four petals, six
stamens and two carpels. Flower development has been divided into twelve stages based
on a series of developmental landmarks (Figure 1.3) (Smyth, Bowman and Meyerowitz,
1990). In stage one a cluster of undifferentiated cells called a floral meristem (FM)
protrudes from the flanks of the IM. During stage two the FM establishes an organizing
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center and by stage three sepal primordia are visible on the periphery of the FM (Figure
1.4). During these early stages, the FM identity genes LEAFY (LFY) and APETALA1
(AP1) ensure that the cells in the FM adopt a flower fate.
LFY encodes a novel transcription factor that is both necessary and sufficient to
specify FM identity (Weigel et al., 1992; Hamès et al., 2008). lfy mutant inflorescences
are initially unable to specify the development of individual flowers; instead these
positions initiate shoot-like structures (i.e. inflorescences). Later in development, lfy
mutants make individual flowers that retain some properties of inflorescences such as
subtending cauline leaves, and also display spiral floral organ phyllotaxy, indicating an
incomplete acquisition of FM identity (Schultz and Haughn, 1991). AP1 encodes a
MADS domain transcription factor that acts partially redundantly with its close relative
CAULIFLOWER (CAL) (Mandel et al., 1992; Bowman et al., 1993). ap1 cal double
mutants have a more severe inhibition of FM identity than lfy mutants, resulting in the
formation of a cauliflower-like head at the apex of the stem in which FMs are converted
to IMs. In wild-type plants LFY and AP1 activate each other in FMs and work together to
ensure a coordinated transition between the production of secondary IMs and the
production of FMs (Liljegren et al., 1999; Wagner, Sablowski and Meyerowitz, 1999).
LFY transcription is initiated in response to local auxin maxima that occur at sites
of incipient FMs in the periphery of the IM. Accumulation of the hormone at these
positions is facilitated through polarized transport and via direct biosynthesis.
Asymmetric cellular localization of auxin efflux carriers like PIN-FORMED-1 (PIN1)
and auxin biosynthesis involving the YUCCA (YUC) family of flavin monooxygenases
contribute to the buildup of auxin in these areas (Heisler et al., 2005; Cheng, Dai and
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Zhao, 2006). High levels of auxin activate AUXIN RESPONSE FACTORS (ARFs),
which translate this hormonal signal into the regulation of a defined set of genes that
specify floral meristem identity. The ARF MONOPTEROS (MP), as well as ANT and
AIL6 work in parallel to activate LFY in response to auxin (Yamaguchi et al., 2013,
2016).
Floral organs arise in concentric rings within the FM called whorls. Sepals form
in whorl one, the outermost whorl, followed by petals in whorl two, stamens in whorl
three and two fused carpels in whorl four at the center of the flower. Organ identity in
each whorl is specified by distinct combinations of homeotic gene (A,B,C,E) activities
(Figure 1.5) [reviewed in (Krizek and Fletcher, 2005)]. The class A genes APETALA1
(AP1) and APETALA2 (AP2) are active in whorls one and two, while the class B genes
APETALA3 (AP3) and PISTILLATA (PI) are active in whorls two and three. The class C
gene AGAMOUS (AG) is active in whorls three and four and the four class E genes,
SEPALLATA1-4 (SEP1-4), are active in all four whorls.
Unique combinations of ABCE activities in each whorl specifies the development
of distinct floral organs in each ring. The overlapping activities of class A and E genes in
whorl one specifies sepal development, BAE activity in whorl two stipulates petals, BCE
activity in whorl three gives rise to stamens and CE activity dictates carpel development
in the fourth whorl. Mutations in A, B or C classes cause homeotic changes in organ
identity in adjacent whorls of the flower. For example, plants without class B gene
activity produce flowers with sepals and carpels in whorls two and three, respectively,
instead of petals and stamens. Plants without SEP function do not develop any of the four
floral organs and instead, leaf-like organs form in all four whorls (Ditta et al., 2004). This
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phenotype is also observed in class A, B and C triple mutants (Bowman, Smyth and
Meyerowitz, 1991).
The A and C class functions are mutually repressive and when the activity of one
class is lost, activity of the other class expands into all four whorls. Class A mutant
flowers contain carpels, stamens, stamens, and carpels in whorls one through four,
respectively, reflecting the expanded occupation of whorls one and two with class C
activity. Class C mutants have a sepal, petal, petal, (sepal, petal, petal)n pattern, with a
loss of floral determinacy resulting in repeating whorls of sepals, petals, petals at the
center of the flower. This reflects the expanded domain of class A activity into whorls
three and four, and also illustrates that the class C gene AG confers floral determinacy in
the fourth whorl.
Except for AP2, all of the ABCE genes encode MADS domain proteins that bind
to CArG box (CC(A/T)6 GG) DNA sequences as either homodimers or heterodimers
(Riechmann, Krizek and Meyerowitz, 1996). These MADS domain proteins also form
tetramers composed of a dimer of dimers. The presence of distinct ABCE proteins in
different whorls of the flower results in the formation of a unique quaternary MADS
domain complex in each whorl. These whorl-specific tetramers bind to the promoter
regions of distinct target genes in each ring (i.e. the quartet model) (Theißen and Saedler,
2001). Such MADS domain protein complexes have been identified in Arabidopsis
flowers and shown to activate transcription in yeast (Honma and Goto, 2001; Smaczniak
et al., 2012).
Transcriptional activation of AP3, PI and AG begins during stage three of flower
development just as the sepal primordia protrude from the FM. LFY activates the
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expression of these genes, although it is unclear how uniform expression of LFY
throughout stage 3 flowers is translated into region-specific homeotic gene induction
(Weigel and Meyerowitz, 1993). Interactions with spatially restricted cofactors likely
helps to guide LFY to the correct targets. UNUSUAL FLORAL ORGANS (UFO) is one
such cofactor and acts together with LFY to induce expression of AP3 in whorls two and
three (Lee et al., 1997). AP3 and PI also autoregulate to ensure continued transcription
even in the absence of LFY later in flower development (Jack, Fox and Meyerowitz,
1994; Honma and Goto, 2000). Other proteins like SUPERMAN (SUP) restrict the
expression of AP3 to these whorls (Schultz, Pickett and Haughn, 1991). This ensures that
the B class genes are not able to form a productive heterodimer in whorls one and four.
The expression pattern of AG is also mediated by LFY, which has been shown to
bind a regulatory element in the second intron of AG (Busch, Bomblies and Weigel,
1999). WUS also binds this region, and likely acts as a LFY cofactor in whorls three and
four. Unlike IMs, FMs are determinate, and terminate production of new stem cells after
all floral organs have been initiated. In a negative feedback loop, AG protein works to
repress WUS expression, making the FM determinate and thereby completing carpel
differentiation (Lohmann et al., 2001). Many other proteins like AP2 (Drews, Bowman
and Meyerowitz, 1991; Dinh et al., 2012), LEUNIG (LUG) (Liu and Meyerowitz, 1995),
SEUSS (SEU) (Franks et al., 2002), RABBIT EARS (RBE) (Krizek, Lewis and Fletcher,
2006), CURLY LEAF (CLF) (Goodrich et al., 1997), STERILE APETALA (SAP)
(Byzova et al., 1999) and ANT (Elliott et al., 1996; Krizek, Prost and Macias, 2000) have
been shown to restrict AG transcription to whorls three and four.
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AINTEGUMENTA-LIKE/PLETHORA (AIL/PLT) transcription factors are
members of the large plant-specific AP2/ERF family of DNA binding proteins. This
protein family has a diverse set of functions and is important in the regulation of plant
growth and stress responses [reviewed in (Xie et al., 2019)]. The AP2/ERF family is
further divided into three subfamilies according to the number of AP2/ERF DNA binding
domains and the presence of other DNA binding elements [reviewed in (Gu et al., 2017)].
The ERF subfamily contains AP2/ERF proteins with only one AP2 DNA binding
domain, while proteins in the AP2 subfamily contain two AP2 domains repeated in
tandem. Members of the RAV subfamily contain an AP2 domain and a B3 DNA binding
domain.
Structural analysis of the AP2 domain revealed that it consists of an N-terminal,
three stranded β-sheet that recognizes the target DNA sequence as well as a C-terminal αhelix (Allen et al., 1998). Within the AP2 subfamily is the eight-member AIL/PLT family
that includes ANT and AIL6 (Nole-Wilson, Tranby and Krizek, 2005). In vitro ANT
DNA binding experiments suggest that both AP2 domains contact adjacent DNA
sequences resulting in a much longer consensus binding sequence (5′gCAC(A/G)N(A/T)TcCC(a/g)ANG(c/t)-3′) than proteins containing a single AP2
domain. Gel shift assays showed that ANT can bind these sequences as a monomer but
may bind as a multimer at high protein concentrations (Nole-Wilson and Krizek, 2000).
Outside of the AP2 domains, ANT, has other hallmarks of a transcription factor including
a nuclear localization site and a serine-threonine-rich region common in transcriptional
activators (Krizek and Sulli, 2006). ANT can activate transcription in plants through
binding to the in vitro determined ANT consensus binding site.
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Members of the AIL/PLT family have been show to interact with members of the
HD-ZIP class IV/HOMEODOMAIN GLABROUS (HDG) transcription factor family in
yeast and plant protoplasts (Nakamura et al., 2006). AIL/PLT and HDG transcription
factors have opposing roles in proliferation and differentiation, which may be mediated
by these protein-protein interactions. Many transcription factors within the same family
homo and/or heterodimerize to increase the variety of DNA binding sites that can be
recognized. We hypothesize that members of the AIL/PLT family may form higher order
protein complexes with themselves, each other, or other proteins to bring about their
regulatory effects. This possibility is investigated in Chapter III.
The AIL/PLT family has been well characterized in roots [reviewed in (Scheres
and Krizek, 2018)]. An AIL/PLT protein gradient along the longitudinal axis regulates
the transition of stem cells towards a differentiated fate (Galinha et al., 2007). At high
levels AIL/PLT proteins specify stem cell fate and at lower doses, they promote cell
division and inhibit differentiation. ChIP-seq and transcriptomic analyses in seedlings
revealed that AIL/PLT proteins promote region-specific induction of genes involved in
cell proliferation and inhibit transcription of genes needed for cell expansion and
differentiation (Santuari et al., 2016). While in the IM ANT and AIL6 are transcriptionally
activated by the ARF, MP, AIL/PLT genes in roots are indirectly activated by ARFs and
this relationship helps to translate auxin patterning into well-defined developmental
boundaries (Aida et al., 2004; Hofhuis et al., 2013; Yamaguchi et al., 2013). The role of
AIL/PLT proteins in shoot development is not well understood. Unlike in roots, there is
no formation of an overall AIL/PLT protein gradient in the SAM, and members of the
family function antagonistically in some aspects of shoot development (Mudunkothge
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and Krizek, 2012). The distinct expression patterns of AIL/PLT genes in the IM,
contributes to the theory that these genes may have disparate functions in this region.
Four members of the family: ANT, AIL6, AINTEGUMENTALIKE5 (AIL5) and AINTEGUMENTA-LIKE7 (AIL7), are expressed in partially
overlapping but unique spatial and temporal patterns in flowers (Figure 1.6) (Krizek,
2015). ANT expression is often used to identify early floral anlagen in the periphery of
the IM and it is highly expressed throughout all four whorls of young floral primordia
(Elliott et al., 1996). While overexpression of ANT produces bigger flowers, loss of ANT
results in smaller flowers that tend to display fewer floral organs and are female sterile
(Figure 1.7) (Elliott et al., 1996; Klucher et al., 1996; Krizek, 1999; Mizukami and
Fischer, 2000). Unlike ANT, AIL6 is expressed throughout the IM; however, like ANT, it
is highly expressed at sites of incipient FMs. In the FM, AIL6 is expressed most strongly
in the inner three whorls, with weaker expression in whorl one (Nole-Wilson, Tranby and
Krizek, 2005). AIL6 expression peaks early and is generally absent after stage six of
flower development. Overexpression of AIL6 can give rise to larger flowers, but loss of
AIL6 has no phenotypic consequence indicating that its function is redundantly encoded
by ANT or other genes (Krizek, 2009; Krizek and Eaddy, 2012). Interestingly, ant ail6
double mutant flowers consist of small sepals, green filaments and unfused carpel valves.
These flowers lack petals, stamens and a normal gynoecium (Krizek, 2009). The inability
of the double mutants to specify proper organ identity in whorls two three and four
suggests altered B and C class gene expression. An investigation of AIL6’s role in the
regulation of AP3, PI and AG is detailed in Chapter II.
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Figure 1.1 Growth pattern of an Arabidopsis thaliana plant
A vegetative basal rosette made up of adult leaves gives rise to a primary inflorescence,
which forms the main reproductive shoot of the plant. The primary inflorescence
produces 2-3 cauline leaves and associated secondary inflorescences before initiating
flowers.
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L1
L2

Figure 1.2 Zones of the shoot apical meristem
Functionally distinct regions called zones make up the SAM. The central zone (CZ),
peripheral zone (PZ) and rib zone (RZ) are shown above, along with leaf primordia (LP)
at the periphery of the meristem. The organizing center (OC) is outlined at the bottom of
the central zone. Epidermal cell layer L1 and subepidermal layer L2 are also drawn.
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Figure 1.3 Schematic representation of flower development in Arabidopsis
Floral meristems (FM) arise from the flank of the inflorescence meristem (IM). An
organizing center is established by stage two and sepal primordia form in stage three.
During stages one through three, floral meristem identity is acquired which leads the
definition of whorls and the initiation of floral organs. The organizing center disappears
after stage five, terminating the maintenance of stem cells in the FM. Different stages of
development and the age of the flower at the end of each stage are as defined as in
(Smyth, Bowman and Meyerowitz, 1990).
[(Denay et al., 2017) used with permission]
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Figure 1.4 Scanning electron micrograph of an inflorescence meristem
A top-down scanning electron micrograph of an Arabidopsis inflorescence meristem (IM)
and floral meristems. Each floral meristem is labeled with the appropriate stage of
development (1-5). Stage 3 is when the sepal primordia start to become visible and by
stage 6 (not shown), the sepals enclose the rest of the floral organs. White bar =100μm
[(Krizek, 2009) used with permission]
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Figure 1.5 The ABCE model of flower development
Four classes of homeotic genes specify floral organ identity in Arabidopsis. Unique
combinations of these classes in each whorl specify the type of organ formed. AE activity
in whorl one specifies sepals (se), BAE activity in whorl two specifies petals (pe), BCE
activity in whorl three specifies stamens (st), and CE activity in whorl four specifies
carpels (ca). The genes that make up each class in Arabidopsis are in italics.
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Figure 1.6 Phylogenetic tree of ANT/AIL genes, and their mRNA expression
patterns in young flowers
Phylogenetic tree showing the relationship among the eight AIL genes (left). ANT, AIL6,
AIL7 and AIL5 are expressed in partially overlapping domains in stage three and stage six
Arabidopsis flowers (right). ANT is the most highly and widely expressed member of the
family, while AIL6 expression is highest in whorls two, three and four during stage three
of development. AIL7 expression is concentrated in whorls three and four, while AIL5
transcript is present at low levels throughout flower primordia. The intensity of the blue
color indicates the relative level of gene expression with darker blue denoting higher
expression.
[(Krizek, 2015) used with permission]
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Figure 1.7 ant ail6 double mutant flowers show loss of organ identity in whorls two,
three and four
A wild-type (WT) Arabidopsis flower of ecotype Landsberg erecta (Ler) contains four
sepals, four petals, six stamens and two fused carpels (left). ant single mutant flowers are
smaller than WT but still contain all four types of floral organs, while ail6 mutant flowers
do not differ from WT. ant ail6 double mutant flowers lack petals, stamens and complete
gynoecia.
[(Krizek, 2015) used with permission]
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CHAPTER 2
REGULATION OF APETALA3, PISTILLATA AND AGAMOUS BY
AINTEGUMENTA-LIKE6
ant ail6 double mutant flowers do not make petals, stamens, or functional carpels.
The loss of these organ identities is correlated with reduced expression of AP3, PI, and
AG in ant ail6 inflorescences. We hypothesize that ANT and AIL6 regulate AP3, PI and
AG expression in stage three flowers. This regulation could be direct with ANT and AIL6
binding to the regulatory regions of AP3, PI and AG, and activating their transcription.
Alternatively, ANT and AIL6 may act indirectly by activating another transcription factor
such as LFY, which binds directly to AP3, PI and AG regulatory regions.
Expression of ANT and AIL6 precedes and overlaps the expression of the
homeotic genes in stage three flowers. ANT and AIL6 are both highly expressed in whorls
two, three, and four during stages one through three of flower development, and confocal
imaging of ANT-VENUS and AIL6-VENUS protein is consistent with this expression
pattern in young flowers (Elliott et al., 1996; Krizek, 2009; Yamaguchi et al., 2013). It is
unclear how broad expression of ANT and AIL6 is translated into region-specific
activation of AP3, PI and AG. If they directly activate homeotic transcription, perhaps
like LFY, they rely on region-specific cofactors to guide them to the correct target genes
in each whorl.
The regulatory regions of AP3, PI and AG are well characterized. Promoter
bashing experiments have revealed that the promoters of AP3 and PI are modular and
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contain distinct cis-acting elements that control their spatial and temporal expression
patterns (Hill et al., 1998; Honma and Goto, 2000). The AP3 promoter contains two
elements necessary for early expression called the distal early element (DEE) and the
proximal early element (PEE). LFY binds the DEE, AP1 binds the PEE, and both activate
transcription of AP3 (Hill et al., 1998; Lamb et al., 2002). The PI promoter contains a
distal early expression element (EEE) and a proximal late expression core (LEC) (Honma
and Goto, 2000). LFY binds the EEE helping to induce early transcription of the gene.
The LEC is bound by AP3-PI complexes and is important for autoregulation. Cis
elements for regulation of AG are present within the second intron (Sieburth and
Meyerowitz, 1997). This region contains four putative LFY/WUS binding sites, which
are all required for the early expression of AG (Hong et al., 2003).
The regulatory regions of AP3, PI and AG all contain DNA sequences with
similarity to the in vitro determined ANT binding site (Nole-Wilson and Krizek, 2000).
Previous ChIP-qPCR experiments have found that an ANT-VENUS fusion protein binds
to regulatory elements in all three genes in stage three flowers (Krizek, personal
communication). ANT and AIL6 have similar in vitro DNA binding specificities and
overlapping functions (O’Malley et al., 2016). Thus, we might expect that AIL6 also
binds these same genomic regions. Using ChIP-qPCR, we found that AIL6-VENUS
preferentially binds the same regions as ANT-VENUS, although not all of these regions
contain putative ANT binding sites. While this result suggests that AIL6 may be a direct
regulator of homeotic gene expression, we did not find evidence of immediate
transcriptional changes in AP3, PI, or AG expression upon activation of a steroid-
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inducible form of AIL6. Thus, our studies do not conclusively establish whether AP3, PI
and AG are direct targets of AIL6 regulation.

MATERIALS AND METHODS
Plant growth
Plants were grown in a mixture containing: Metro-Mix 360:perlite:vermiculite
(8:0.5:1) at 20-22°C. Plants for ChIP-qPCR were grown in continuous light, while plants
for RT-qPCR were grown in a 16hr light /8hr dark cycle (100- 150 μmol·m-2·s-1).

PCR genotyping
Plants containing ant-4 ail6-1 mutations are sterile, and seed must be maintained
in the ant-4/+ ail6-1 state, (i.e., heterozygous for the ant-4 mutation). Genotyping of ant4 was performed as described previously (Krizek, 2009).

Plasmid Construction and plant transformation
The AIL6m:gAIL6-VENUS line was created as detailed in (Han and Krizek,
2016). This line complements ant-4 ail6-1 demonstrating that AIL6-VENUS is functional
(Han and Krizek, 2016). This line was then crossed into the synchronous floral induction
system AP1:AP1-GR ap1 cal (Wellmer et al., 2006; Ó’Maoiléidigh et al., 2015) for use
in ChIP-qPCR (Krizek, personal communication).
To create a steroid inducible AIL6 line, a genomic copy of AIL6 with the stop
codon removed was cloned in frame to the ligand binding domain of the rat
glucocorticoid receptor (GR) (AIL6m:gAIL6-GR/pMLBART) (Han, 2016). This construct
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was transformed into an ant-4/+ ail6-1 background and selected for glufosinate (Basta)
resistance (Krizek, personal communication). AIL6m:gAIL6-GR ant-4/+ ail6-1 was
crossed into the synchronous floral induction system (AP1:AP1-AR ap1 cal)
(Ó’Maoiléidigh et al., 2015) and F1 seed was selected for glufosinate (Basta) resistance
(Krizek, personal communication). In the absence of steroid, the AIL6-GR fusion protein
is complexed with HEAT SHOCK PROTEIN 90 (HSP90) and retained in the cytosol. In
the presence of the steroid dexamethasone (dex), the fusion protein is released from this
complex and able to translocate to the nucleus [reviewed in (Padidam, 2003)].

Steroid activation of the synchronous floral induction system for ChIP-qPCR
AIL6m:gAIL6-VENUS AP1:AP1-GR ap1 cal and AP1:AP1-GR ap1 cal
inflorescences were treated 26 days after germination with the steroid dexamethasone
(dex) (10μM dexamethasone and 0.015% Silwet) to induce synchronous flowering. Dex
solution was pipetted directly onto the primary inflorescence. After 48 hours, stage three
flowers were collected.

Steroid activation of AIL6-GR lines for RT-qPCR and in situ hybridization
AIL6m:gAIL6-GR ant-4 ail6-1 and AIL6m:gAIL6-GR ant-4 ail6-1 AP1:AP1-AR
ap1 cal plants were treated with either mock (0.1% ethanol and 0.015% Silwet) or dex
(10μM dexamethasone and 0.015% Silwet) solutions pipetted directly onto the primary
inflorescence. Plants for organ counts were treated 21 days after germination with either a
mock or dex solution. In the case of AIL6m:gAIL6-GR ant-4 ail6-1 AP1:AP1-AR ap1 cal,
inflorescences were first treated with dihydrotestosterone (dht) (10μM dht and 0.015%
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Silwet) to induce synchronous flower formation. Two days after the dht treatment, stage
three flowers were treated with mock or dex solution and collected for RT-qPCR after 8
hours.

Steroid activation of AIL6-GR lines for floral organ counts
AIL6m:gAIL6-GR ant-4 ail6-1 were mock/dex treated 21 days after germination
with organ counts covering 11-15 days after treatment (DAT) (Table 2.3, top).
Comparison of dex treated flowers to ant-4 single mutant flowers illustrates the
deficiencies of observed rescue. At least 8 inflorescences were observed on each day,
each containing 2-3 newly opened flowers. Table 2.3 shows the average number of
organs per flower.
Two treatments were performed 22 and 25 days after germination and compared
to a single treatment 21 days after germination (Table 2.4, top). At least 4 inflorescences
were observed on each day, each containing 2-3 newly opened flowers. Table shows the
average number of organs per flower from counts spanning 13-15 days after the first
treatment. The counts on flowers treated once and those treated twice with mock or dex
solutions were performed at different times and at different days after treatment. Thus,
some of the variation may be due to this difference rather than the number of treatments.

ChIP-qPCR
Chromatin immunoprecipitation (ChIP) was performed as detailed in (Yamaguchi
et al., 2014) with the following changes: 600mg of inflorescence tissue was collected into
cold PBS taking 2-3hr before crosslinking. DNA was sheared to ~600bp using a Covaris
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M220 Focused Ultrasonicator and a 1mL milliTUBEs with AFA Fiber (Covaris). GFP
antibodies (Invitrogen A6455) coupled to Dynabeads Protein A were used for
immunoprecipitation. Primers used for the qPCR are shown in Table 2.1. At least two
biological replicates were performed for each gene. Each biological replicate was assayed
in triplicate during qPCR. Fold enrichment values were calculated relative to a genomic
region not bound by AIL6. A fold enrichment of 1 denotes that the tested region was
bound by AIL6-VENUS just as often as a control region that remained unbound by
AIL6-VENUS. The unbound control region used was in the heterochromatic Ta3
retrotransposon.

RT-qPCR
100mg of inflorescence tissue was collected on dry ice and the RNeasy Plant Mini
Kit (Qiagen) was used to isolate mRNA after grinding the tissue in liquid nitrogen. An
on-column DNase digestion was performed during this step to further purify the sample.
First strand cDNA synthesis was done using the qScript cDNA SuperMix kit
(Quantabio). qPCR was carried out using the PerfeCTa SYBR Green FastMix kit
(Quantabio) and a BioRad CFX96 machine. Data analysis was performed as previously
described (Krizek and Eaddy, 2012). Normalization was performed using the reference F
box gene At5g15710 (Czechowski et al., 2005). Fold differences in expression were
calculated using the Pfaffl method (Pfaffl, 2001). The primers used for RT-qPCR are
shown in Table 2.2.
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In situ hybridization
Inflorescences were collected and fixed in 3.7% formaldehyde for 1.5hr under
vacuum, and embedded, sectioned, hybridized and washed as described previously
(Drews et al., 1996; Krizek, 1999). Digoxigenin labeled antisense AP3 RNA probes were
made by linearization of pD793 with BglII followed by in vitro transcription (Jack,
Brockman and Meyerowitz, 1992). Digoxigenin labeled antisense AG RNA probes were
made by linearization of pCIT565 with HindIII followed by in vitro transcription
(Yanofsky et al., 1990). Both probes were synthesized using T7 RNA polymerase and
were chemically degraded to a mean length of 75-100 nucleotides via hydrolysis at 60°C.

RESULTS
ChIP-qPCR experiments were performed using an epitope tagged version of AIL6
in a genetic background in which flower initiation can be synchronized (AIL6m:gAIL6VENUS AP1:AP1-GR ap1 cal). With AIL6-VENUS, we find enrichment of DNA within
the regulatory regions of AP3, PI and AG (Figure 2.1). This enrichment was not observed
in the control line without the AIL6-VENUS transgene (AP1:AP1-GR ap1 cal). AIL6VENUS binds AP3 around the PEE necessary for the initial expression of the gene in
stage three flowers (Figure 2.1A) (Hill et al., 1998; Lamb et al., 2002). This region does
not contain a putative ANT binding site. PI is bound by AIL6-VENUS most frequently
around the LEC (-226 to -111bp), even though there are no predicted ANT binding sites
in this region (Figure 2.1B) (Honma and Goto, 2000). Further work is needed to
determine if AIL6 is recruited to these regions through protein-protein interactions with
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other transcription factors. Within the second intron of AG, AIL6-VENUS binds a region
that includes a putative ANT binding site (Figure 2.1C).
Binding of AIL6-VENUS to these regions does not necessarily mean that AIL6
regulates transcription at these loci. To probe for transcriptional changes in response to
changes in AIL6 activity, we created an AIL6 inducible line in the ant ail6 double mutant
background (AIL6m:AIL6-GR ant-4 ail6-1). These experiments were conducted in the ant
ail6 background because it allowed us to phenotypically confirm that the AIL6-GR
fusion protein was biologically active. Floral organ counts were used to quantify the
degree of phenotypic rescue after induction of AIL6 activity with the steroid
dexamethasone (dex). Dex treatment causes a transient activation of AIL6-GR. Mock
treated plants resemble ant-4 ail6-1 double mutants, while flowers of dex treated plants
produced some petals and many stamens (Table 2.3; Figure 2.2). In addition, activation
of AIL6 increased the degree of fusion between carpel valves. It is possible that the lack
of petal rescue may be a consequence of insufficient activation of AIL6. For example,
petal development may require sustained AIL6 activity or a higher level of AIL6 activity.
Preliminary data on the effects of multiple dex treatments indicate that this may be the
case, but this experiment needs to be repeated (Table 2.4).
We next examined AP3, PI, and AG mRNA levels in mock and dex treated
AIL6m:gAIL6-GR ant-4 ail6-1 inflorescences. RT-qPCR experiments demonstrated no
significant differences in AP3, PI or AG mRNA levels between mock and steroid treated
inflorescences at four or twenty-four hours after dex treatment (Figure 2.3). Slight
increases in AP3, PI, and AG mRNA levels were observed forty-eight hours after
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treatment, with further increases in AP3 mRNA at seventy-two hours, but only a single
biological replicate was examined at these time points (Figure 2.3).
Because the RT-qPCR experiments involve the collection of inflorescences
consisting of flowers in stages 1-12, any change in AP3, PI or AG mRNA levels in stage
three flowers may not be detected because these flowers contribute relatively little
mRNA to the entire pool of tissue. Thus, we decided to look at the expression of AP3 and
AG by in situ hybridization. With this technique, expression of these genes in stage three
flowers can be investigated. A disadvantage of this approach is that it is not a quantitative
method. In situ hybridization performed on the same line four hours after mock/dex
treatment showed similar levels of AP3 and AG transcript in stage four dex treated
flowers when compared to mock treated flowers (Figure 2.4).

DISCUSSION
ChIP-qPCR experiments revealed that AIL6-VENUS binds to the same regulatory
regions of AP3, PI and AG that are bound by ANT-VENUS. This suggests that ANT and
AIL6 have similar DNA binding specificities in vivo. This is consistent with similarity in
the in vitro defined sites for both transcription factors as determined by SELEX (ANT)
and DAP-seq (AIL6) (Nole-Wilson and Krizek, 2000; O’Malley et al., 2016). The fact
that ANT and AIL6 bind to an AG regulatory region that has a DNA sequence with
similarity to the in vitro determined ANT binding site suggests that these transcription
factors have similar in vivo and in vitro DNA binding specificities. However, in the cases
of the AP3 and PI regulatory regions, no such putative binding sites were identified in the
most frequently bound regions. It is possible that ANT and AIL6 bind to DNA sequences
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in vivo as part of higher order protein complexes that allow for different recognition
sequences.
Using the ANT and AIL6 consensus binding sequence to predict ANT/AIL6
target genes may be useful in discovering novel regulatory relationships. The ANTVENUS and AIL6-VENUS lines used here are also being used for ChIP-seq experiments
to reveal global binding sites and identify other pathways involving these transcription
factors. RNA-seq experiments comparing ant ail6 inflorescences to wild-type
inflorescences suggests that these transcription factors may function in the loosening of
the cell wall for flower primordium initiation and in plant defense (Krizek et al., 2016). It
may also be interesting to examine if these transcription factors regulate their own
transcription or the transcription of other members of the AIL/PLT family. Previous
experiments have suggested that such transcriptional cross-regulation occurs between
AIL/PLT members in inflorescences (Krizek et al., 2016). A better understanding of
ANT/AIL6 binding sites will enhance our understanding of how these proteins contribute
to such a diverse set of functions in shoots and flowers.
The phenotypic rescue observed after dex treatment of AIL6m:gAIL6-GR ant-4
ail6-1 flowers indicates that transient AIL6-GR activity is sufficient to restore some
petal, stamen and carpel identity in young flowers. Since AP3, PI and AG are required for
petal, stamen and carpel identity specification, these results suggest homeotic gene
expression is increased after AIL6 activation. However, no significant changes in the
mRNA levels of these genes was observed at four or twenty-four hours after AIL6
activation. Thus, it is possible that AIL6 does not function as a direct transcriptional

27

activator of these homeotic genes but rather that it functions through intermediaries that
are responsible for direct transcriptional activation.
To investigate these two possibilities further, the AIL6m:gAIL6-GR line has been
crossed into the synchronous floral induction system (AIL6m:gAIL6-GR ant ail6
AP1:AP1-AR ap1 cal) so that we can examine AP3, PI and AG expression in
inflorescences composed solely of stage 3 flowers. If activation of AIL6-GR in stage
three flowers (in the presence of the protein synthesis inhibitor cycloheximide) leads to
increased AP3, PI and AG mRNA levels, we will know that AIL6 likely functions as a
direct transcriptional activator of these genes. If activation of AIL6-GR does not result in
these transcriptional changes, intermediate genes may be necessary to translate AIL6
activity into activation of homeotic gene expression.
One possible intermediate between AIL6 and the homeotic genes is LFY, a
transcription factor that is known to regulate AP3, PI and AG expression. ANT and AIL6
may contribute to proper LFY expression in the FM. In situ hybridizations in ant-4 ail6-2
flowers reveal patchy LFY expression during stage three of development (Krizek, 2009).
In addition, I find reduced levels of LFY mRNA in stage three AP1:AP1-GR ap1 cal ant4 ail6-1 flowers relative to AP1:AP1-GR ap1 cal flowers (Figure 2.5). ANT and AIL6
bind the LFY promoter and activate LFY transcription in incipient floral primordia, but it
is not known if this occurs in stage 1-3 flowers (Yamaguchi et al., 2016). ChIP-qPCR
could be used to address whether ANT-VENUS or AIL6-VENUS bind the LFY promoter
in stage three flowers. To investigate whether LFY transcription is directly regulated by
AIL6, the AIL6m:gAIL6-GR ant ail6 AP1:AP1-AR ap1 cal line could be used to
determine if LFY transcription is induced soon after AIL6-GR activation. It is crucial to
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use the synchronous flowering background in these experiments to examine expression
specifically in stage three flowers, as we already know that ANT/AIL6 bind and induce
LFY expression in incipient flower primordia.
In addition to LFY transcriptional activation, ANT and AIL6 may also recruit
LFY protein to the regulatory regions required for early expression of AP3, PI and AG.
ANT/AIL6 and LFY bind adjacent regions of AP3 and AG (Figure 2.6) (Nole-Wilson and
Krizek, 2000; Lamb et al., 2002; Hong et al., 2003). These proteins also bind the PI
promoter, although LFY binds the EEE and ANT/AIL6 bind most frequently to the LEC,
around 800bp downstream of the EEE (Honma and Goto, 2000). ChIP-qPCR examining
LFY binding to these regulatory regions in the ant ail6 double mutant background could
be used to determine if LFY is still able to bind these sites in the absence of ANT and
AIL6. This would show whether ANT and AIL6 recruit LFY to these genomic sites.
It is also possible that ANT and AIL6 are recruited by LFY to these regulatory
regions. ChIP-qPCR experiments performed on ANT/AIL6-VENUS AP1:AP1-AR ap1 cal
lfy flowers would address if ANT-VENUS and AIL6-VENUS can still bind the
regulatory regions of these genes in the absence of LFY. If these proteins are unable to
bind without LFY, this would suggest that LFY is involved in recruiting these proteins to
their binding sites. Future experiments will help to clarify the role between ANT/AIL6
and LFY in regulation of homeotic gene expression.
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Table 2.1 Primers used for ChIP-qPCR

AP3-1-F
AP3-1-R
AP3-2-F
AP3-2-R
AP3-3-F
AP3-3-R
PI-1-F
PI-1-R
PI-2-F
PI-2-R
PI-3-F
PI-3-R
AG-1-F
AG-1-R
AG-2-F
AG-2-R
AG-3-F
AG-3-R
Ta3-F
Ta3-R

CGATCATACGGCTGGGTGAT
AAGGCATTCCCCGTATCTGC
TGATTTGATGGACTGTTTGGAG
TTTGGATTAATCGTCACTTCCA
CATCGATGTCCGTTGATTTA
TTTGGTGGAGAGGACAAGAGA
GCTAAATAAAAGTTTGACCACATTTC
CACTCTTTGCATGTGATTGATG
TGCAAAGAGTGTTCATTAAGCAA
AACAAGAAGAGGAGCATTGGT
AGGGTAATAAGCATACAGAGGC
GCATATAACACACACACACACACTG
AGAGAGTCCCACGTGATTACTT
AATCTTGCGCTCAATTCCAACC
TGGGTACTGAGAGGAAAGTGAG
TGGTCTGAACATGTCTAGGGTT
AGACCAAACCGCTCTCCAGT
TTGCTTGCTCAACCCAATTC
CTGCGTGGAAGTCTGTCAAA
CTATGCCACAGGGCAGTTTT
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Table 2.2 Primers used for RT-qPCR

AP3-F
AP3-R
PI-F
PI-R
AG-F
AG-R
Fbox-F
Fbox-R

CGAATGCAAGAAACCAAGAGG
GAATGTCAAGCTCGTCCAAAC
AATGAGAAGATGATGGCGGAGGAG
CATTCCTCTTGCGTTGCTTG
GTTCTTTGTGATGCTGAAGTCG
TGTACCTCTCAATAGTCCCTTTTAC
TTTCGGCTGAGAGGTTCGAGT
GATTCCAAGACGTAAAGCAGATCAA
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Table 2.3 Floral organ counts on AIL6-GR ant ail6 plants

11 DAT

12 DAT

13 DAT

14 DAT

15 DAT

Whorl 1
Se
Fil

3.94
0

3.5
0.07

3.63
0

2.82
0.24

3.41
0

3.74
0.04

4.00
0

Whorl 2
Pe
Fil

0.11
0.11

0.14
0.21

0
0.19

0.24
0.35

0.06
0.47

0
0.10

3.61
0.33

Whorl 3
St or St-like
Fil

0.83
0.39

2.07
0.21

3.45
0.06

3.36
0

3.59
0.24

0.13
0.59

4.89
0.03

1.72
0.06

1.79
0.07

1.94
0

1.88
0

1.82
0

1.78
0.04

2.00
0

6%

0%

56%

65%

53%

3%

100%

7.16

8.06

9.27

8.89

9.59

6.42

14.86

Whorl 4
Ca Valve
Fil
% of Flowers
with >50%
Valve Fusion
Total Organs

Mock Avg. ant-4 Avg.

Se: Sepals, Fil: Filaments, Pe: Petals, St or St-like: Stamen or Stamen-like Organs, Ca
Valve: Carpel Valves
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Table 2.4 Phenotypic effects of multiple steroid treatments on AIL6-GR ant ail6
plants

1 Treatment
(21dag)

2 Treatments
(22dag & 25dag)

Whorl 1
Se
Fil

3.29
0.08

3.45
0.05

Whorl 2
Pe
Fil

0.10
0.34

0.24
0.12

Whorl 3
St or St-like
Fil

3.47
0.10

3.40
0.03

1.88
0.00

1.88
0.02

58%

60%

9.25

9.19

Whorl 4
Ca Valve
Fil
% of Flowers with
>50% Valve
Fusion
Total Organs

Se: Sepals, Fil: Filaments, Pe: Petals, St or St-like: Stamen or Stamen-like Organs, Ca
Valve: Carpel Valves.
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Figure 2.1 AIL6 binds to regulatory regions of AP3, PI and AG
(A) Genomic structure of APETALA3 (top) showing regions probed in ChIP-qPCR (1, 2,
3). Exons are represented by black boxes and 5’ and 3’ untranslated regions are
represented by white boxes. The arrow denotes the transcription start site. Small dots
above the schematic represent putative ANT binding sites, and the DEE and PEE boxes
represent the distal early element and proximal early element respectively as described in
(Hill et al., 1998; Lamb et al., 2002). (B) Genomic structure of PISTILLATA (top). EEE
and LEC boxes represent early expression element and late expression core respectively,
as defined in (Honma and Goto, 2000). (C) Genomic structure of AGAMOUS (top)
showing the three regions tested via ChIP-qPCR (1,2,3). In all graphs the grey bars
represent the fold enrichment of a control line without the epitope tagged version of
AIL6, and black bars represent the AIL6-VENUS line. One representative biological
replicate is shown, as background signal (and therefore fold enrichment) varies between
trials, however, fold enrichment patterns were similar in additional biological replicates.
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(A)

(B)

(C)

Mock
(D)

Mock
(E)

Mock
(F)

Dex

Dex

Dex

Figure 2.2 Dexamethasone treatment of AIL6-GR ant ail6 plants partially restores
petal, stamen, and carpel development
Mock treated flowers (A, B) and inflorescences (C) resemble ant-4 ail6-1 plants. Dex
treatment restored some petal stamen and carpel identity (D, E). Dex treated
inflorescences display several flowers with stamens and petals (F). Images of flowers
were taken at 4.8x magnification and inflorescence images were taken at 3.2x
magnification. Plants shown were mock/dex treated twice, 22 and 25 days after
germination and images were taken 14-15 days after the first treatment.
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Figure 2.3 AP3, PI and AG mRNA levels do not increase soon after AIL6-GR
activation
AP3, PI and AG mRNA levels were measured by RT-qPCR at different times points after
dex treatment (4 hrs, 24 hrs, 48 hrs, 72 hrs) of AIL6m:gAIL6-GR ant-4 ail6-1
inflorescences. Fold change is normalized to levels observed in mock treated
inflorescences. A fold change of 1 signifies no change in mRNA levels between mock
and dex treated inflorescences. Error bars on 4-hour treatment represent standard
deviation over two biological replicates. Plants used for the experiments were mock/dex
treated once, 28 days after germination.

36

AP3

AP3

Dex

Mock
AG

AG

Dex

Mock

Figure 2.4 In situ hybridization shows similar patterns of AP3 and AG expression
four hours after AIL6-GR activation
Stage four flowers from mock and dex treated AIL6m:gAIL6-GR ant-4 ail6-1 show
similar signal intensity representing AP3 and AG mRNA. Inflorescences from 26 day old
plants were collected 4hrs after a mock/dex treatment.
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Relative LFY Expression

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
AP1:AP1-GR ap1 cal

AP1:AP1-GR ap1 cal ant ail6

Figure 2.5 LFY is expressed at lower levels in stage three AP1:AP1-GR ap1 cal ant ail6
flowers than in stage three AP1:AP1-GR ap1 cal flowers

LFY mRNA levels were measured by RT-qPCR in stage three flowers of AP1:AP1-GR
ap1 cal ant ail6 plants. Fold change is normalized to levels observed in AP1:AP1-GR ap1
cal plants. A fold change of 1 signifies no change in mRNA levels between the two lines.
Error bar represents standard deviation over two biological replicates.
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Figure 2.6 LFY and ANT binding sites in the regulatory regions of AP3 and AG as
determined by ChIP-qPCR
(A) AP3 promoter showing LFY and ANT binding sites. Both proteins bind at or near the
DEE needed for early expression. (B) Second intron of AG showing the ANT binding site
and two of the four LFY binding sites in the intron.
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CHAPTER 3
PROTEIN-PROTEIN INTERACTIONS IN THE AIL/PLT
TRANSCRIPTION FACTOR FAMILY
Many transcription factors that are members of families can form homodimers
and heterodimers with distinct DNA binding specificities. Previous work has suggested
possible interactions of AIL/PLT proteins with themselves and with each other
(Kierstead, 2015). Interactions among AIL/PLT proteins in flowers could be a
mechanism through which shared or unique target genes are regulated by these
transcription factors. Based on the partially overlapping mRNA expression patterns of
ANT, AIL5, AIL6 and AIL7, it seems likely that the proteins are present in partially
overlapping spatial domains within flowers that would allow for ANT-AIL and AIL-AIL
interactions to occur (Figure 1.6) (Nole-Wilson, Tranby and Krizek, 2005). However,
genetic data indicate that heterodimeric or higher order complexes involving ANT and
the AILs (AIL5, AIL6, and/or AIL7) are not required for ANT activity (Krizek, 2015).
For example, ail5 ail6 ail7 triple mutant flowers are indistinguishable from wild-type
flowers indicating that ANT does not require interactions with AIL5, AIL6 or AIL7 for
proper activity (Mudunkothge and Krizek, 2012).
Formation of ANT and AIL6 homodimers can occur in yeast, although the
biological relevance of these interactions in planta remains unknown (Kierstead, 2015).
These yeast two-hybrid assays also showed that the C-terminal half of ANT (ANT275-555)
can interact with AIL5, AIL6 and AIL7. This is the region of ANT that contains its two
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AP2 DNA binding domains. In other AP2 proteins, this domain is critical for proteinprotein interactions (Chandler et al., 2007). However, the two AP2 domains alone were
not sufficient for ANT homodimerization (Kierstead, 2015). The C-terminal half of AIL6
(AIL6260-584) can also interact with full-length ANT. Here we investigate whether AIL
proteins interact with each other in planta using transient expression in Nicotiana
benthamiana and Arabidopsis stable transgenic lines.

MATERIALS AND METHODS
Plant growth
Arabidopsis and N. benthamiana plants for Co-IP were grown in a mixture
containing: Metro-Mix 360:perlite:vermiculite (8:0.5:1). Arabidopsis plants were grown
in continuous light (100- 150 μmol·m-2·s-1) at 20°C. N. benthamiana was grown in a 16hr
light /8hr dark cycle at 22°C.

Epitope tagged constructs
To transiently express the epitope tagged proteins in N. benthamiana, plasmids
were transformed into Agrobacterium tumefaciens (Agro) bacteria. All of the VENUS
tagged constructs were transformed into the Agro strain ASE, and all of the 3xHA tagged
constructs were transformed into the Agro strain GV3101 via electroporation. All
constructs were under the control of the constitutive 35S promoter from the Cauliflower
mosaic virus. 35S:ANT-VENUS/pMLBART, 35S:ANT-3xHA/pAUL1 and 35S:AIL63xHA/pAUL1 were created previously (Krizek, personal communication). WRKY6GFP/pK7FWG32 was a gift from Zhengqing Fu’s Lab.
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35S:gAIL6-VENUS/pMLBART in Agro ASE
gAIL6-VENUS was removed from gAIL6-VENUS-AIL6 3’/pBJ36 using
SmaI/BamHI restriction enzymes and ligated into pART7 to pick up a 35S promoter.
NotI digestion released 35S:gAIL6-VENUS from pART7, and this fragment was ligated
into the plant transformation vector pMLBART and transformed into Agro ASE.

35S:gAIL7-VENUS/pMLBART in Agro ASE
A KpnI site was added in front of the start codon of genomic AIL7 (gAIL7) by
digestion of gAIL7/pBJ36 with PstI/ClaI and ligation of the fragment into
AIL7:gAIL7(no stop codon)/pBS cut with the same enzymes. The gAIL7(no stop
codon)/pBS was digested with KpnI/BamHI and ligated into 35S:VENUS/pART7 to pick
up a 35S promoter and VENUS tag. NotI digestion released 35S:gAIL7-VENUS from
pART7, and this fragment was ligated into the plant transformation vector pMLBART
and transformed into Agro ASE.

35S:gAIL5-VENUS/pMLBART in Agro ASE
gAIL5-VENUS was removed from gAIL5-VENUS-AIL5 3’/pBJ36 using
KpnI/XbaI restriction enzymes and ligated into pART7 to pick up a 35S promoter. NotI
digestion released 35S:gAIL5-VENUS from pART7, and this fragment was ligated into
the plant transformation vector pMLBART and transformed into Agro ASE.
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35S:RBE-VENUS/pMLBART in Agro ASE
35S:RBE-GR/pMLBART was digested with KpnI/SmaI to release RBE(no stop
codon), which was ligated into 9Ala-VENUS-3’ocs/pBJ36. The 9 Alanines act as a linker
region between the RBE and VENUS proteins in the fusion. RBE-VENUS-3’ocs/pBJ36
was digested with KpnI/XbaI and the fragment was ligated into pART7 to pick up the
35S promoter. NotI digestion released 35S:RBE-VENUS from pART7, and this fragment
was ligated into the plant transformation vector pMLBART and transformed into Agro
ASE.

35S:gAIL5-3xHA/pAUL1 in Agro GV3101
gAIL5(no stop codon)-AIL5 3’/pGEM was digested with KpnI/BamHI and
ligated into pGEM3z to pick up a 3’ SalI site. gAIL5(no stop codon)/pGEM3z was
digested with KpnI/SalI and ligated into pRITA to pick up a 3’ NotI site. gAIL5(no stop
codon)/pRITA was digested with KpnI/NotI and ligated in frame into the Gateway entry
vector pENTR3C. A Gateway LR Clonase (Invitrogen) reaction will be performed to
recombine gAIL5(no stop codon) into the pAUL1 plant transformation vector, which also
bestows the 35S promoter and three 3’ in-frame HA tags (3xHA) to the construct.

35S:gAIL7-3xHA/pAUL1 in Agro GV3101
gAIL7(no stop codon)/pBS was digested with KpnI/BamHI and ligated into
pGEM3z to pick up a 3’ SalI site. gAIL7(no stop codon)/pGEM3z was digested with
KpnI/SalI and ligated into pRITA to pick up a 3’ NotI site. gAIL7(no stop codon)/pRITA
was digested with KpnI/NotI and ligated in frame into the Gateway vector pENTR3C. A
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Gateway LR Clonase (Invitrogen) reaction was performed to recombine gAIL7(no stop
codon) into the pAUL1 plant transformation vector, which also bestowed the 35S
promoter and three 3’ in-frame HA tags (3xHA) to the construct. To avoid transformation
of gAIL7(no stop codon)/pENTR3C, the Clonase reaction was subjected to NruI
digestion, which cuts pENTR3C but not pAUL1. 35S:gAIL7-3xHA/pAUL1 was
transformed into the Agro strain GV3101.

Arabidopsis crosses
To make the lines needed for Co-IP, we crossed ANT:ANT-VENUS AP1:AP1-GR ap1 cal
and AIL6m:gAIL6-VENUS AP1:AP1-GR ap1 cal into ANT:ANT-DHA AP1:AP1-GR ap1
cal (DHA stands for double HA tags, repeated in tandem). All of these original lines were
provided by (Krizek, personal communication). The crosses produced ANT:ANT-DHA
ANT:ANT-VENUS AP1:AP1-GR ap1 cal and ANT:ANT-DHA AIL6m:gAIL6-VENUS
AP1:AP1-GR ap1 cal lines, which we could use to assay for ANT-ANT interactions and
ANT-AIL6 interactions respectively.

N. benthamiana infiltration
Agro cultures were grown in LB media with appropriate antibiotic resistance to an
optical density (OD) of 0.5-1. Cultures were spun down and resuspended in infiltration
media (100mM MES, 10mM MgCl2, 150μM Acetosyringone) and left at room
temperature for 2 or more hours. VENUS and HA cultures were combined and coinfiltrated into the abaxial side of 5-week-old N. benthamiana leaves using a 1mL
needleless syringe. Note: RBE-VENUS, WRKY6-GFP and other negative controls are
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expressed at a higher level than ANT/AIL6-VENUS. To obtain equal levels of protein in
leaves, the OD of ANT/AIL6-VENUS cultures used for infiltration was ~10x the OD
used for RBE-VENUS. Usually, the OD of AIL6-VENUS was 0.6 and the OD of RBEVENUS was 0.06. All HA tagged proteins were infiltrated at OD = 0.4.

N. benthamiana BiFC
BiFC was carried out as detailed in (Kierstead, 2015). Briefly,
35S:gAIL6/pSPYNE (C-terminal fusion with N-terminal half of YFP) and
35S:gAIL6/pSPYCE (C-terminal fusion with C-terminal half of YFP) were co-infiltrated
into N. benthamiana, and cells were observed 24 hours after infiltration for GFP
florescence (Walter et al., 2004). 35S:bZIP63/pSPYNE and 35S:bZIP63/pSPYCE
constructs were co-infiltrated as a positive control.

N. benthamiana protein extraction
24 hours after infiltration, 2 leaves (~85cm2) were ground in liquid nitrogen and
5mL of protein extraction buffer (50mM Tris pH7.5, 50mM NaCl, 25mM MgCl2, 1mM
CaCl2, 1mM EDTA, 10% glycerol, 2% PVP, 0.1% Triton X-100, 0.2% NP-40, 5mM
DTT, 1mM PMSF, 1 Mini Complete Protease Inhibitor tablet (Roche)) was added. We
observed the best levels of expression 21-24 hours after infiltration. 2μL of DNase
(Thermo-Fisher EN0521) was added to 2mL of protein slurry and rotated for 30min at
4°C. Without DNase digestion, nonspecific interactions were observed. Slurry was spun
2x (17,000g, 4°C, 30min) and supernatant was saved as input sample and used in the CoIP.
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Co-IP
Co-IP for N. benthamiana and Arabidopsis was performed using the μMACS
GFP Isolation Kit (Miltenyi Biotec), as per the instructions. We performed the
immunoprecipitation using 50μL anti-GFP-HRP microbeads, and on-column washes
were performed as follows: 6x 200μL wash buffer 1 (500mM NaCl, 1% Igepal CA-630,
0.5% sodium deoxycholate, 0.1% SDS, 50mM Tris HCL pH8), 4x 200μL wash buffer 2
(20mM Tris HCL pH7.5). Only 150mM NaCl was used in wash buffer 1 for Arabidopsis
Co-IPs. Protein was eluted in 50μL elution buffer (100mM Tris pH6.8, 100mM DTT 2%
SDS, 2mM EDTA, 20% glycerol, 0.01% bromophenol blue) and stored at -20°C.

Arabidopsis protein extraction
ANT:ANT-DHA ANT:ANT-VENUS AP1:AP1-GR ap1 cal inflorescences were dex
treated (10μM dexamethasone and 0.015% Silwet) 22 days after germination to induce
synchronous flowering. 2 days after dex treatment, ~600mg of inflorescence tissue was
collected onto dry ice. Co-IP was carried out as described in (Fiil et al., 2008) with the
following changes: Benzonase (Novagen 70746-3) was used to degrade nucleic acids in
the samples and free any proteins bound to genomic DNA. Co-IP was done immediately
after nuclear isolation, without freezing the isolated nuclei. The Co-IP was done using the
μMACS GFP Isolation Kit (Miltenyi Biotec) as previously described. Tissue from the
negative control lines was collected and processed in the same way.
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Western blot
10% SDS-PAGE gels were loaded with sample and run at 200V. The gel was
transferred to a PVDF membrane and blocked in 5% dry milk in PBS-T for 1hr at room
temperature. Membranes were probed with Anti-GFP-HRP (1:1000) (Miltenyi Biotec) or
Anti-HA-HRP (1:5000) (Sigma-Aldrich) overnight. Detection reagent (Amersham ECL
Prime, RPN 2232) was applied after washing the membrane 6x in PBS-T. Images were
acquired by chemiluminescence using a GE ImageQuant LAS 4000.

RESULTS
To determine if ANT/AIL protein-protein complexes occur in planta, we
transiently expressed epitope-tagged proteins in Nicotiana benthamiana followed by
protein extraction and co-immunoprecipitation (Co-IP). These experiments show that
AIL6-VENUS can interact with both AIL6-HA and ANT-HA when the proteins are
expressed in leaves (Figure 3.1). To investigate whether these interactions were specific
to AIL6-VENUS, we also ran the experiments with the negative control RBE-VENUS in
place of AIL6-VENUS. RABBIT EARS (RBE) is a transcription factor expressed in
young flowers, but it is not known to interact with members of the AIL/PLT family
(Krizek, Lewis and Fletcher, 2006). After many trials using RBE-VENUS, we found that
DNase digestion of chromatin in the protein extract is crucial to avoid non-specific
interactions between RBE-VENUS and ANT/AIL6-HA in the Co-IP (Figure 3.2). In the
absence of DNase, we observed similar nonspecific interactions using another
transcription factor, WRKY6 (WRKY6-GFP) as our negative control. Current efforts to
replicate these findings and investigate ANT-VENUS and ANT-HA interactions are
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underway.
To show that these interactions occur when the proteins are present at
physiological levels in stage three Arabidopsis flowers, epitope tagged ANT and AIL6
lines were crossed into the synchronous floral induction system. Protein extraction and
Co-IP performed on these lines will reveal if ANT-DHA forms homomeric complexes
with ANT-VENUS or heteromeric complexes with AIL6-VENUS in stage three flowers.
Although we see good expression of our target proteins in the flowers, we are still
working to optimize conditions for the immunoprecipitation. The most recent trial
showed that ANT-VENUS may be complexing with ANT-DHA in stage three flowers
(Figure 3.3), although there appears to be some GFP/VENUS signal in the ANT-DHA
AP1:AP1-GR ap1 cal control plants. Current efforts to replicate these findings are
underway.
We also attempted to use bimolecular florescence complementation (BiFC, splitYFP) to visualize AIL6-AIL6 interactions in planta. This technique relies on the in vivo
reconstitution of florescence after two non-florescent halves of YFP are brought together
by protein-protein interactions. Fusions of AIL6 with the N and C terminal halves of YFP
(AIL6-NYFP, AIL6-CYFP) were transiently co-expressed in N. benthamiana leaves.
After twenty-four hours, the abaxial side of the leaf was examined for YFP florescence;
however, none was observed. As in previous trials, this assay did not show any AIL6
homodimerization (Kierstead, 2015).

DISCUSSION
Our preliminary data suggest that AIL6 can interact with itself and with ANT in
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N. benthamiana leaves when expressed under the control of the 35S promoter. In
addition, preliminary data suggests that ANT can interact with itself in stage three
Arabidopsis flowers when expressed under its endogenous promoter. The ANT, AIL5,
AIL6 and AIL7 constructs we created can be used in future transient expression
experiments in N. benthamiana to test if homo/heterodimerization of AIL/PLT proteins is
a general feature of this family of transcription factors. Furthermore, additional constructs
could be made to investigate the regions of these proteins necessary for these interactions.
Importantly, future experiments will also need to investigate whether AIL-AIL
interactions occur in Arabidopsis flowers when the proteins are expressed under their
endogenous promoters.
The importance of AIL-AIL interactions in planta is not clear. Clearly, ANT does
not have to interact with AIL6, as loss of AIL6 by itself or in combination with loss of
AIL5 and AIL7 does not affect floral organ development. AIL/PLT complex formation
may affect the ability of these proteins to interact with non-AIL/PLT proteins (such as
other transcription regulators) and could potentially alter AIL/PLT function.
While loss of AIL5, AIL6, or AIL7 function has no phenotypic consequence on
floral organ development, antagonistic interactions between AIL/PLT multimers may
fine-tune target gene expression in regions of overlapping activity. In the IM, ANT/AIL6
and AIL7 may have opposing functions (Mudunkothge and Krizek, 2012). In addition,
mutations in AIL7 partially rescue the petal defects of ant ail5 flowers signifying that
ANT/AIL5 and AIL7 may regulate some target genes in opposing directions (Krizek,
2015). Heteromeric AIL-AIL complexes may limit the activity of component AIL
transcription factors by titrating the proteins out of a homodimeric complexes. This may
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explain how opposing functions are mediated during flower development.
To further understand the biological relevance of AIL/PLT interactions, it would
be helpful to better characterize AIL/PLT protein localization in the FM. We do not have
a good understanding of where these proteins may overlap to form complexes during
flower development. Confocal imaging of VENUS tagged AIL/PLT lines may be used to
see if protein localization in the FM corresponds to mRNA expression patterns. BiFC
using transgenic Arabidopsis plants expressing YFP fusions expressed under the control
of endogenous promoters could be used to investigate whether AIL-AIL interactions are
taking place during flower development. These experiments will provide us with a better
understanding of which AIL-AIL interactions occur during flower development.
In roots there is evidence that the AIL/PLT protein, PLETHORA2 (PLT2) can
move through plasmodesmata into neighboring cells (Mähönen et al., 2014). The
localization and movement of AIL/PLT proteins in the FM has not been characterized.
Protein-protein interactions may limit the mobility of AIL/PLTs, thereby affecting their
activity. While it may be possible for these proteins to move between cells as monomers,
the formation of dimers and higher order complexes may restrict their movement in a
region-specific manner.
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Figure 3.1 AIL6-VENUS interacts with AIL6-HA and ANT-HA in N. benthamiana
Transient co-expression of AIL6-VENUS with AIL6-HA or ANT-HA (top) followed by
Co-IP shows that AIL6-VENUS can form homomeric and heteromeric complexes with
ANT-HA when overexpressed in plant leaves. Infiltration of AIL6-HA or ANT-HA alone
did not result in any immunoprecipitated protein. Input and Co-IP samples are shown
from membranes probed with either Anti-GFP (1:1000) or Anti-HA (1:5000) antibodies
(left).
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Figure 3.2 DNase treatment disrupts nonspecific binding during
immunoprecipitation
Co-IP without DNase treatment shows nonspecific interactions between RBE-VENUS
and AIL6-HA and ANT-HA (left, red box). DNase treatment gets rid of these interactions
(right, red box). Input and Co-IP samples are shown from membranes probed with either
Anti-GFP (1:1000) or Anti-HA (1:5000) antibodies.
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Figure 3.3 ANT-VENUS and ANT-DHA interact in stage three Arabidopsis flowers
Co-IP on ANT:ANT-VENUS ANT:ANT-DHA AP1:AP1-GR ap1 cal inflorescences show
that ANT-DHA is bound to ANT-VENUS indicating that ANT-ANT homomeric
complexes form in flowers (left). ANT:ANT-DHA AP1:AP1-GR ap1 cal line used as a
negative control (right). Input and Co-IP samples are shown from membranes probed
with either Anti-GFP (1:1000) or Anti-HA (1:5000) (left) antibodies.
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